Abstract-The Advanced microwave scanning radiometer 2 (AMSR2) is part of the global change observationmission-water (GCOM-W). AMSR2 has filled the gap in passive microwave observations left by the loss of theAMSR-earth observing system (AMSR-E) after almost ten years of observations. Both missions provide brightness temperature observations that are used to retrieve soil moisture estimates at the near surface. A merged AMSR-E and AMSR2 data product will help build a consistent long-term dataset; however, before this can be done, it is necessary to conduct a thorough validation and assessment of the AMSR2 soil moisture products. This study focuses on the validation of the AMSR2 soil moisture products by comparison with in situ reference data from a set of core validation sites around the world. A total of three soil moisture products that rely on different algorithms were evaluated; the Japan Aerospace Exploration Agency ( 
AMSR-E and AMSR2 data product will help build a consistent long-term dataset; however, before this can be done, it is necessary to conduct a thorough validation and assessment of the AMSR2 soil moisture products. This study focuses on the validation of the AMSR2 soil moisture products by comparison with in situ reference data from a set of core validation sites around the world. A total of three soil moisture products that rely on different algorithms were evaluated; the Japan Aerospace Exploration Agency (JAXA) soil moisture algorithm, the land parameter retrieval model (LPRM) 
I. INTRODUCTION

S
OIL moisture is a key variable in controlling the exchange of water and energy balance between the land surface and the atmosphere through evaporation and plant transpiration. As a result, soil moisture plays an important role in the development of weather patterns and the production of precipitation. Soil moisture observations have the potential to significantly improve the accuracy of short-term weather forecasts and reduce the uncertainty of long-term projections of how climate change might impact Earth's water cycle. The value of soil moisture to these processes was recognized by its identification as an essential climate variable [1] . Beyond these applications involving projections and retrospectives, near real time soil moisture can play an important role in hydrologic and agricultural monitoring and assessment (i.e., floods and droughts).
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approach. Several products and satellite missions have contributed to its implementation. Recent efforts, such as the European space agency and climate change initiative have demonstrated that data from these missions can be integrated to form longer term records [2] . The scientific value of these extended records related to processes and climate change are illustrated in [3] - [5] . The advanced microwave scanning radiometer-earth observing system (AMSR-E) projects of the National Aeronautics and Space Administration (NASA) and the Japan Aerospace Exploration Agency (JAXA) were the first satellite programs to incorporate soil moisture as a standard product [6] , [7] . AMSR-E based soil moisture products developed using different algorithm concepts have been evaluated and intercompared in a number of studies, under a range of ground and climate conditions and using a variety of metrics [8] - [13] . These evaluations have shown that there are significant differences between the AMSR-E products in terms of biases, sensitivities, and temporal responses.
AMSR-E operated for almost ten years starting in June 2002 and stopping normal operations in October 2011. JAXA launched the AMSR2 as part of the global change observation mission-water (GCOM-W) as a follow-on to AMSR-E. AMSR2 began routine data production in July 2012, leaving a gap of several months. GCOM-W was placed in the A-train sun synchronous orbit with an equatorial ascending overpass time of 1:30 PM, the same as the aqua platform that hosted AMSR-E. AMSR2 provides dual polarization brightness temperature at the same frequencies as AMSR-E: 6.9, 10.65, 18.7, 23.8, 36.5, and 89 GHz. Moreover, it has an additional C-band channel (7.3 GHz) that was included for radio frequency interference mitigation, and an improved calibration system. AMSR2 also offers a small improvement in the inherent spatial resolution due to its larger reflector compared to its predecessor. The nominal footprint size at 10.65 GHz is 24 km × 42 km.
Merging the time series of AMSR-E and AMSR2 will help build a consistent long-term dataset for monitoring components of the Earth's water cycle [14] . However, the instruments are not identical (as noted above) and before tackling the integration of AMSR-E and AMSR2, it is necessary to conduct a thorough validation and assessment of the AMSR2 soil moisture products.
As described in [15] , there are a number of different methodologies that can be utilized in validating remotely sensed soil moisture products. These include comparisons with in situ observations and satellite and model-based products. Each of these has value in a comprehensive approach, such as that recommended by the committee on Earth observing satellites [16] , [41] .
The focus of this investigation is on in situ comparisons and specifically data sets that provide reliable estimates of the soil moisture over the retrieval domain. This approach will contribute to understanding the factors that impact either good or poor algorithm performance for specific sites and conditions.
The key issue in conducting soil moisture product validation is the disparity in spatial scales between satellite and in situ observations. Conventional measurements of soil moisture are made at a localized point, whereas satellite sensors provide an integrated area/volume value for a much larger spatial extent. In situ measurements are not available widely enough to construct global products, and do not up-scale easily to the large-scale satellite measurements.
Several investigations have examined aspects of AMSR2 soil moisture product validation [17] - [20] . Some of these were preliminary and others involved the use of validation methodologies that either focused on product intercomparisons or utilized a single station or limited set of validation sites.
For this investigation, a key element of the use of core soil moisture validation sites developed by the soil moisture active passive (SMAP) mission [15] is adapted. SMAP mission collaborated in the development and implementation of core validation sites (CVS), where there is replicate sampling within the satellite footprint/grid. This approach provides explicit information on each site and algorithm that can be used for assessment and improvement. Other methodologies, such as triple colocation can be used in later studies to expand the analyses to higher level validation stages as described in [21] .
This paper will present first validation of three publically available AMSR2 soil moisture products using core validation sites (CVS). It will exploit the efforts of the SMAP mission that led to the most robust set of sites yet employed for this purpose. Section II describes the three soil moisture products evaluated. Section III provides a description of the SMAP CVS process and Section IV the analysis approach. Section V presents the results and discussion. Section VI summarizes the AMSR2 soil moisture validation results.
II. SOIL MOISTURE PRODUCTS AND ALGORITHMS
Retrieval of soil moisture from brightness temperature (T B ) observations is based on a well-known approximation to the radiative transfer equation, commonly known in the passive microwave soil moisture community as the tau-omega model [22] . A layer of vegetation over soil attenuates the emission of the soil and adds to the total radiative flux with its own emission. A model following this approach to describe the T B of a weakly scattering layer above a semi-infinite medium was developed in [22] and [23] .
The T B is dependent on the sensor features (frequency, polarization, and viewing angle) and target variables (soil moisture, roughness, vegetation properties, and physical temperature of both the soil and vegetation). In order to attempt the estimation of soil moisture, assumptions and simplifications are made. These simplifications are incorporated into the retrieval algorithm. There is typically more than one path that can be followed and as a result several soil moisture algorithms have been implemented for AMSR2 (and AMSR-E). This investigation focuses on three publically distributed soil moisture products that rely on different algorithms; the JAXA Soil Moisture Algorithm (JAXA), the Single Channel Algorithm (SCA), and the Land Parameter Retrieval Model (LPRM). A brief description of each algorithm is provided below. Analysis was limited to those products provided (or will be) by an agency. There are other algorithms but the products are not widely available. All the algorithms use the same input T B data for the retrieval process (JAXA L1R TB Version 2). 1) JAXA algorithm uses a forward radiative transfer scheme to generate brightness temperatures for a range of parameter values (vegetation and soils) for multiple frequencies and polarizations. The simulations are done using a constant surface temperature of 293 K. Results from synthetic runs are used to create lookup tables for soil moisture that utilize the polarization ratio at 10.65 GHz and the normalized brightness temperature difference between the 36.5 and 10.65 GHz horizontal channels [24] - [27] . The lookup tables in the current version of the JAXA algorithm are dependent on the fractional vegetation cover derived from moderate resolution imaging spectroradiometer (MODIS) data [25] . The data used here are the soil moisture products version 2, algorithm version 210 as distributed by JAXA. 2) SCA algorithm is based on the radiative transfer equation
and uses a single radiometer channel along with ancillary data [28] . The foundation of this approach is well known and has been implemented with satellite observations from AMSR-E [8] , Aquarius [29] and SMAP [30] , [31] . Like all algorithms it has advantages and disadvantages.
In the SCA version used here, the horizontally polarized T B observations are converted to emissivity using a surrogate for the physical temperature of the emitting layer (36.5 GHz − V T B ) [32] . The derived emissivity is corrected for vegetation and surface roughness to obtain the soil emissivity. The Fresnel equation is then used to determine the dielectric constant. Finally, a dielectric mixing model is used to obtain the soil moisture given knowledge of the soil texture. Analytically, SCA attempts to solve for one unknown variable (soil moisture) from one equation that relates the horizontally polarized T B to soil moisture. Vegetation information is provided by a climatological database of global normalized difference vegetation index (NDVI) and a table of parameters based on land cover and polarization. In response to deficiencies found with the standard product provided by NASA for AMSR-E [8] , NASA has added the SCA to its product suite. 3) LPRM model is based on [33] and [34] and has been used with several multifrequency satellites including AMSR-E and AMSR2. LPRM attempts to solve for soil moisture and vegetation optical depth using the vertically and horizontally polarized T B observations. However, it does so under the assumptions that (1) the soil and canopy temperatures are considered equal, and (2) vegetation transmissivity and the single-scattering albedo are the same for both H and V polarizations. Ancillary information such as effective soil temperature, surface roughness, and vegetation single scattering albedo must be known a priori before the inversion process. As in the case of the SCA, LPRM uses the 36.5 GHz-V data to estimate effective temperature [32] . There are several variants of the LPRM for AMSR2 that utilize different combinations of frequencies and retrievals. Here, the product based on the 10.65/36.5 GHz data was used for consistency with the JAXA and SCA results. The LPRM soil moisture data was obtained from the Goddard Space Flight Center (GSFC) Data Active Achieve Center (DAAC) (https://hydro1.gesdisc.eosdis.nasa.gov/data/WAOB/ LPRM_AMSR2_SOILM2.001/).
III. SMAP APPROACH TO SOIL MOISTURE PRODUCT VALIDATION AND CVS
The assessment approach used here builds from the SMAP calibration/validation (Cal/Val) program [34] . SMAP employs five methodologies that include in situ observations (core sites [20] , [30] and sparse networks [36] ), product intercomparisons (satellite [37] and model), and field experiments [38] . Of these the most informative, especially for algorithm improvement, are the CVS.
In an attempt to ensure the geographic distribution and diversity of conditions of the CVS, SMAP partnered with investigators (valibration/validation partners) around the globe. The CVS candidates were selected based on a minimum requirement of providing continuous soil moisture measurements at a 5 cm depth with replication within a SMAP grid cell of at least one of the SMAP spatial scales (36-km for the passive-based products). Prior to launch, the potential sites were assessed for the adequacy of their number of points, calibration, and the basis for up-scaling amongst other criteria. The CVS core site list was selected from the candidate list based on the criterion, where confidence in the representativeness of a site at the product spatial scale was considered within the error limit of SMAP products (<0.04 m 3 /m 3 ). More details on the sites and selection process can be found in [20] and [30] .
SMAP radiometer-based soil moisture products are processed onto a standard 36-km fixed Earth grid. It was observed that the spatial distribution of the in situ points of many networks did not match-up well with the established grids. In order to fully exploit the available sampling at these sites, a special validation grid processor was developed that allows processing over any 36 km domain on the basis of a 3 km ancillary data grid. The optimal grid was identified for each CVS and an up-scaling function for the in situ network was established. This optimal grid was also used for the AMSR2 core site assessment.
The geographic location of the CVS sites is shown in Fig. 1 . The list of CVS utilized in this investigation is the same as that employed by SMAP and is shown in Table I . The general features, number of sites and up-scaling approach are also listed in the table. The areal average NDVI range based on the MODIS climatology is also included in Table I. IV. ANALYSIS APPROACH All satellite soil moisture data utilized in this analysis were footprint retrievals, as opposed to gridded products. For each CVS, the product unflagged footprints with boresight centers that fell within the CVS boundaries were arithmetically averaged to estimate the surface soil moisture of the 36-km validation grid cell. The flags from the respective products were used for screening the individual footprints. This was performed for each available day from July 2, 2012 (beginning of the mission) to June 30, 2016, to produce a four-year record for the ascending and descending passes (separately). The LPRM analysis was based on the X-band retrievals for consistency with SCA and JAXA products. For in situ soil moisture, all dates and times corresponding to a satellite product were extracted. The three products deal with winter conditions (frozen soil and snow) differently. To avoid additional error, data with in situ surface temperature values below 4°C were excluded from the comparisons. Moreover, Reynolds Creek watershed has significant topographic features with high elevations that are typically snow covered during the winter months, so data from only the summer months was used for the comparison analysis.
The in situ sensors are located at 5 cm or over the top 5 cm. The observation depth of X-band frequencies is close to 1 cm. This difference in observation depth will introduce some error in the soil moisture assessment. The top layer is typically drier than the deeper soil layer.
It should be noted that not all CVS were in operation from the beginning of the AMSR2 observing period, as their in situ observations began closer to the beginning of the SMAP program. The starting year of the observing periods is listed in Table I for each CVS.
Assessment of the algorithms was based on CVS comparisons using established metrics [39] and time series plots. These metrics include the root mean square error (RMSE), unbiased RMSE (ubRMSE), bias, and correlation. The RMSE is the measure of the differences between in situ observations and the estimates, ubRMSE captures time-random errors, bias captures the mean differences or offsets, and correlation captures phase compatibility between data series. Metrics were computed separately for each CVS. Average metrics were computed from the site results. 
V. RESULTS AND DISCUSSION
The following analyses were conducted; assessment of the descending pass products, comparison of descending and ascending retrievals, AMSR2 versus AMSR-E, the impact of vegetation levels, and performance relative to SMAP.
A. Comparison of Soil Moisture Products for Descending Passes
The first analysis is based upon the descending overpass data (nominal observing local time of 1:30 AM) because it is expected that land surface temperature profile variations are smaller at this time than during the ascending passes. Fig. 2 shows the soil moisture time series of in situ observations and AMSR2 soil moisture estimates over Little Washita watershed (representative example) for July 2012-June 2016. Little Washita is a semi-arid watershed with mostly rangeland and winter wheat crops that has been widely studied and used as a validation site for AMSR-E soil moisture validation [8] . The soil moisture dynamic range of the SCA retrievals is closest to the dynamic range of in situ retrievals. The JAXA retrievals have a lower dynamic range. LPRM retrievals exhibit a large dynamic range as compared to in situ observations. Some of the LPRM retrievals have large anomalous soil moisture values, which are greater than the soil porosity. Fig. 3 shows the scatter plot of in situ observations as compared to AMSR2 satellite estimates. SCA and JAXA retrievals have a slope less than the 1, whereas the LPRM retrievals show a positive slope with a high gain as compared to in situ observations. Table II summarizes the results for each CVS site, metric, and product. The best performance metric for each site among the different algorithms is highlighted in grey. Based on the best performance it can be observed that SCA had the best overall ubRMSE and bias performances. The LPRM had the highest correlation with in situ observations for most of the CVS locations. Focusing on the average results in the last row of the table, it is noted that the JAXA and SCA had similar values of the ubRMSE, the SCA ubRMSE was slightly better than that of the JAXA product and its bias was smaller than JAXA. The LPRM had the highest values of the ubRMSE and bias, but had the highest correlation, being slightly better than the SCA. The key result is that both the JAXA and SCA ubRMSE met the target accuracy of 0.06 m 3 /m 3 . Individual CVS sites exhibit a range of performance; some such as Walnut Gulch are very good and others, such as Carman are poor. It is expected that some of the error at a site is associated with the level of vegetation, which will be discussed in a later section.
B. Comparison of Descending and Ascending Products
It was expected that the descending retrievals (1:30 AM) would be more reliable than the ascending (1:30 PM) because the effects of variations in both the spatial and profile variability of land surface temperature are smaller. Table III shows the ascending results for each site and the last two lines summarize the overall results for descending and ascending.
The key result from Table III is that the differences between descending and ascending ubRMSE were small for all products. The JAXA and SCA products had similar bias and R values for descending and ascending. These results suggest that retrievals from both passes can be used with equal confidence, which means more frequent coverage of any location. Fig. 4 shows the bar chart of ubRMSE performance for ascending and descending orbits. The difference in ubRMSE for the AM and PM retrievals was very small for all the retrieval options. The SCA retrievals for both ascending and descending orbits outperformed the other algorithm options.
An unexpected result is that the LPRM had a large reduction in the overestimation bias from the descending retrievals. However, this did not impact ubRMSE. It is hypothesized that this result was associated with the land surface temperature and vegetation correction approach used by the LPRM. 
C. Comparison of AMSR2 to AMSR-E Validation Results
During the AMSR-E era, a validation study was conducted using four of the sites in the US listed in Table I ; Little Washita, Walnut Gulch, Little River, and Reynolds Creek [8] . That study covered a seven year period (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ) and included the three soil moisture products considered in this investigation. The validation domains were not exactly the same as the validation grids used here, but it is not expected to have a significant effect. In this section the performance of the algorithms using just the subset of four sites is assessed and compared to the AMSR-E metrics. The summary statistics for AMSR2 using the 15 sites are repeated in Table IV along with the results obtained using only the four sites for comparison. Since these sites have lower vegetation densities, it is not surprising that the ubRMSE improved for all products and the bias decreased for the JAXA and SCA products.
The last row of Table IV shows the results from [8] . The SCA and LPRM results degraded somewhat between the AMSR-E to AMSR2. Some of this change could be associated with the difference in the length of the period of observation. GREY   TABLE VI  AMSR2 VERSUS SMAP PERFORMANCE STATISTICS FOR THE THREE SOIL MOISTURE PRODUCTS A major difference is noted in the JAXA product comparison. Here, there is a reversal in the bias from overestimation for AMSR-E to underestimation for AMSR2. This change is associated with major changes in the JAXA algorithm between the assessment in 2010 [8] and the current version.
D. Effect of Vegetation Level
It is well known that higher amounts of vegetation, often characterized by the vegetation water content, attenuate the sensitivity of brightness temperature to changes in soil moisture [40] . The effect of the vegetation is larger at higher frequencies. Several of the sites listed in Table I are dominated by agricultural crops and it is not expected that products based on AMSR2 data would perform well during the summer months. These included Carman, South Fork, Twente, Monte Buey, and Kenaston.
In order to assess the impact of vegetation level, the metrics for the full set of sites were compared to a reduced set that omitted the five sites noted above. Table V summarizes the results. As expected, all metrics for all products improved when the higher vegetation sites were filtered out. The ubRMSE for JAXA and SCA dropped below 0.05 m 3 /m 3 .
E. AMSR2 Versus SMAP
All of the CVS were used to assess the performance of SMAP. Therefore, it is possible to compare the SMAP and AMSR2 metrics. There is a difference in the period of record available; SMAP is 1.25 years and AMSR2 is 4 years long. Before doing a direct comparison the potential impact of the specific and shorter period of record was assessed. Table VI lists the AMSR2 results for the full record and the 1.25 year record. There was almost no effect on any metric or product.
The last row of Table VI presents the SMAP results and can be compared to the AMSR2 1.25 year metrics for the three products. As expected, compared to any of the AMSR2 products the SMAP results are much better. This is of course associated with the lower frequency (X versus L-band). Most obvious changes are the high R and near zero bias for SMAP. L-band observations have an observation depth which is closer to the depth of the in situ sensors (centered at 5 cm).
VI. SUMMARY
Although there have been a number of validation studies involving soil moisture products derived from AMSR2 (and AMSR-E), the results are often not robust enough to reliably assess performance for specific site conditions. In most cases, a few selected sites or sparse networks were utilized, which cannot provide reliable information over a typical microwave radiometer footprint. Here, CVS were used to assess three AMSR2 soil moisture products. These sites include replicate spatial in situ sampling and scaling over the AMSR2 footprint/grid cell, thus providing a more reliable estimate of the soil moisture that is used to assess the satellite products.
Results based on the descending passes indicate that the JAXA and SCA products had a similar ubRMSE that met the target accuracy requirements for AMSR2 (JAXA soil moisture accuracy requirement is 0.10 m 3 /m 3 and a desired accuracy level of 0.06 m 3 /m 3 ). The SCA had a lower bias and slightly higher correlation. In general, the LPRM had a high overestimation bias that resulted in a higher ubRMSE. LPRM soil moisture estimates tended to have a larger soil moisture dynamic range than the in situ observations. The ascending results were similar to descending, suggesting that both passes can be utilized, thus offering more frequent coverage.
The in situ observations were made with sensors located at 5 cm or over the top 5 cm. This is deeper than the observation depth expected for AMSR2 X-band observations. Some of the observed differences are likely due to differences in sensing depths: AMSR2 measures shallower soil moisture than in situ probes. The top 1 cm soil layer is typically drier than the deeper soil layers, which would result in a dry bias and a smaller dynamic range for the AMSR2 estimates.
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